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• Sangyong talked about all the interesting new stuff!

• I will deal with the current status of JETSCAPE, 

• Most of what I will discuss is currently already in the 
JETSCAPE framework

• I will talk about mostly MATTER, some MARTINI, 
mention the word AdS/CFT

• Present the current setup, and what is included.



Scale dependence: of probe and target

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

30

Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

From the 2015 LRP

The medium looks different at different length scales 

The probe behaves differently at different scales 

Need a comprehensive tool to study QGP with jets
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Hard sector: theoretically
Start with single gluon emission and consider multiple sca\ering

A.M.  Phys.Rev. D85 (2012) 014023



This needs to be repeated

• Usual assumption, multiple emissions are independent! 

• The reason for this depends on your approximation scheme



Case of no sca\ering
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One emission from multiple sca\ering
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One emission from multiple sca\ering
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if lT >> kT , can expand in ratio

Can show that this reduces to the case of single sca\ering induced 
single emission as in Wang and Guo Nucl.Phys. A696 (2001) 788-832. 

a b c⇣�Iy�E y�I



Each of these has multiple sca\ering 

A Monte-Carlo needed to track  
the momenta of each of the partons

Need to use calculated double differential distribution
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What exactly is being retained?

+

+

+ v.c.

We are retaining terms that 
keep one propagator  
off-shell 

Similar to the case of no  
sca\ering in vacuum 

Introduces medium 
dependent correction to  
vacuum emission process 

Involves interference 
between states of different 
virtuality.



What is resummed?

Resum higher order contributions  
that are enhanced within the restricted 
phase space  of the process.
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Resummation by Differentiation:  
DGLAP and Sudakov form factor 

@D(z,Q2)
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Assume large scale separation from D(z) or J(z)  
factorization of final state and DGLAP evolution

Integral solution, by introducing the Sudakov form factor. 

Probability of no resolvable emission between Q and Q0



How does it affect virtuality evolution

Results from MATTER evolution 

Need good eyes to see  
the energy loss 

Sca\ering keeps the virtuality 
from dropping as in vacuum 

After a certain length,  virtuality 
is low enough to switch to  
another formalism 

A.M.  J. Putschke Phys.Rev. C93 (2016) no.5, 054909



How important is this?

• What if we only had MATTER and nothing else? 

• Something needs to be done with the partons that come 
down to Q ~ 1 GeV. 

• In vacuum: send to hadronizer  

• simple model: motivated by AdS/CFT, remove partons that 
are more than 1fm inside QGP, when they reach Q=1GeV.  

• be\er approximation, hand off to a low Q model.  

• This could be different depending on energy of parton. 



How important is this?
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Going to lower virtuality 
LBT / MARTINI
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Transverse momentum is generated by the multiple sca\ering. 
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Going to lower virtuality 
LBT / MARTINI

2

We consider a small number of high energy partons
traversing a thermalized QGP. The high energy partons
are rare enough that their dominant interactions are with
the thermal bath particles. We also work at leading non-
trivial order in αs. This is obviously an idealization, but
it is hard to see how to do better at present.

A parton traversing the QGP undergoes a series of soft
scatterings with other constituents of the medium, with
leading-order cross-section

σsoft = Csg
2
s

∫

d2q⊥

(2π)2
C(q⊥) . (1)

(The group Casimir Cs is Cf=4
3 [quarks] or CA=3 [glu-

ons].) Here C(q⊥) is the differential rate to exchange
transverse (to the parton) momentum q⊥. In a hot ther-
mal medium, its value at leading order in αs is [19]

C(q⊥) =
m2

D

q2
⊥(q2

⊥+m2
D)

, m2
D =

g2
s T

2

6
(2Nc+Nf) . (2)

These frequent soft scatterings can induce collinear
splitting (bremsstrahlung) of the parton. The time scale
over which the parton and bremmed gluon overlap, in the
absence of other scatterings, is τ ∼ xp

p2

⊥

∼ xp
g2T 2 , with x

the momentum fraction of the gluon and p⊥ the momen-
tum component of the gluon perpendicular to the original
parton. When σsoftτ is large, additional collisions typi-
cally occur while the parton and gluon are still coherent;
this can frustrate the original emission.

This problem has been treated in the QCD context by
BDMPS [8] and by Zakharov [10]. AMY have re-analyzed
it with almost the same conclusions [16]; we outline the
physics and summarize their results. The probability of
emission of a gluon of momentum k is schematically

∫
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with the effects of soft collisions implicitly included in the
time evolution. The time for the J · G insertion in the
amplitude and its conjugate differ; to get the emission
rate we must integrate over the difference of these times,

dΓ

dkdt
∼

∫

dt′⟨p|Ja
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a(t′)|p−k; k⟩⟨p−k; k|Jb
νGν

b (0)|p⟩. (4)

The problem is then to evolve |p−k; k⟩⟨p| between time 0
and time t′. Its evolution equation is similar to a Boltz-
mann equation, but with an extra phase accumulating
term because the states |p⟩ and |p−k; k⟩ have different
energies. Performing the time integration (taking the
medium to be uniform on the scale of the formation
time), the complete expression for the bremsstrahlung
rate turns out to be,

dΓ(p, k)
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(2π)2
2h · Re F(h, p, k) , (5)

where x ≡ k/p is the momentum fraction in the gluon (or
either quark, for the case g → qq). The factors 1/(1 ±
e−k/T ) are Bose stimulation or Pauli blocking factors for
the final states, with − for bosons and + for fermions.
h ≡ p×k is the invariant describing the non-collinearity
of the final states; h lives in a two dimensional transverse
space. F(h, p, k) is the solution of an integral equation
describing how |p − k; k⟩⟨p| evolves with time, due to
collisions and the energy difference of the two states;

2h = iδE(h, p, k)F(h) + g2

∫
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Here m2 are the medium induced thermal masses, equal
to m2

D/2 for a gluon and Cfg2
s T

2/4 = g2
s T

2/3 for a quark.
For the case of g → qq, the (Cs − CA/2) term is the one
with F(h − pq⊥) rather than F(h − k q⊥).

The treatment of BDMPS is the same, except that
it uses (q2+m2

D)2 in the denominator of Eq. (2), and
drops the mass terms in Eq. (7). These errors are not
numerically significant. They also typically solve Eq. (6)
in a large h approximation, valid for large p/T, k/T but
unreliable for k ≤ 10T .

Next, we use these expressions to evolve the hard gluon
distribution Pg(p, t = 0) and the hard quark plus anti-
quark distribution Pq(p, t = 0) with time, as they traverse
the medium. The joint equations for Pq and Pg are

dPq(p)

dt
=

∫

k
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dΓq
gg(p+k, k)

dkdt
− Pq(p)
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,
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dΓg
gg(p+k, k)

dkdt

−Pg(p)

(
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+

dΓg
gg(p, k)

dkdt
Θ(2k−p)

)

,(8)

where the k integrals run from −∞ to ∞. The integration
range with k < 0 represents absorption of thermal gluons
from the QGP; the range with k > p represents annihila-
tion against an antiquark from the QGP, of energy (k−p).
In writing Eq. (8), we used dΓg

gg(p, k) = dΓg
gg(p, p−k) and

similarly for g → qq; the Θ function in the loss term for

Partons are now close to ``on-shell’’   ~  q τ 

Can use a Master equation to calculate the change in the distribution 

The rates of changing p to p + k under multiple sca\ering have to be  
calculated 

No further enhancement 
from phase space of  
radiation 

emission is αS suppressed 
Thus separated by long  
time. S. Jeon & G. Moore Phys.Rev. C71 (2005) 034901

^



The rate
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cally occur while the parton and gluon are still coherent;
this can frustrate the original emission.

This problem has been treated in the QCD context by
BDMPS [8] and by Zakharov [10]. AMY have re-analyzed
it with almost the same conclusions [16]; we outline the
physics and summarize their results. The probability of
emission of a gluon of momentum k is schematically

∫

dk⊥
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with the effects of soft collisions implicitly included in the
time evolution. The time for the J · G insertion in the
amplitude and its conjugate differ; to get the emission
rate we must integrate over the difference of these times,

dΓ

dkdt
∼

∫

dt′⟨p|Ja
µGµ

a(t′)|p−k; k⟩⟨p−k; k|Jb
νGν

b (0)|p⟩. (4)

The problem is then to evolve |p−k; k⟩⟨p| between time 0
and time t′. Its evolution equation is similar to a Boltz-
mann equation, but with an extra phase accumulating
term because the states |p⟩ and |p−k; k⟩ have different
energies. Performing the time integration (taking the
medium to be uniform on the scale of the formation
time), the complete expression for the bremsstrahlung
rate turns out to be,
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dkdt
=
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where x ≡ k/p is the momentum fraction in the gluon (or
either quark, for the case g → qq). The factors 1/(1 ±
e−k/T ) are Bose stimulation or Pauli blocking factors for
the final states, with − for bosons and + for fermions.
h ≡ p×k is the invariant describing the non-collinearity
of the final states; h lives in a two dimensional transverse
space. F(h, p, k) is the solution of an integral equation
describing how |p − k; k⟩⟨p| evolves with time, due to
collisions and the energy difference of the two states;

2h = iδE(h, p, k)F(h) + g2
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+
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−
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Here m2 are the medium induced thermal masses, equal
to m2

D/2 for a gluon and Cfg2
s T

2/4 = g2
s T

2/3 for a quark.
For the case of g → qq, the (Cs − CA/2) term is the one
with F(h − pq⊥) rather than F(h − k q⊥).

The treatment of BDMPS is the same, except that
it uses (q2+m2

D)2 in the denominator of Eq. (2), and
drops the mass terms in Eq. (7). These errors are not
numerically significant. They also typically solve Eq. (6)
in a large h approximation, valid for large p/T, k/T but
unreliable for k ≤ 10T .

Next, we use these expressions to evolve the hard gluon
distribution Pg(p, t = 0) and the hard quark plus anti-
quark distribution Pq(p, t = 0) with time, as they traverse
the medium. The joint equations for Pq and Pg are
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where the k integrals run from −∞ to ∞. The integration
range with k < 0 represents absorption of thermal gluons
from the QGP; the range with k > p represents annihila-
tion against an antiquark from the QGP, of energy (k−p).
In writing Eq. (8), we used dΓg

gg(p, k) = dΓg
gg(p, p−k) and

similarly for g → qq; the Θ function in the loss term for2
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The AMY rates used in MARTINI 

Rates are different in LBT  

Simulation is similar.  

Sample the time integrated  
rate of find the time when an  
emission occurs.  

Start process after each  
emission 

Curves by S. Cao and C. Park



Transitioning from one effective theory to another

• Go to an overarching theory 

• NLO: 1+2 gluon emission 

• Look for regions where the leading pole dominates (HT) 

• Look for regions where there is no enhancement from emission (AMY) 

• Parametrically separate the two regions, and study the intermediate region
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Simulating this on a parton-by-parton level is hard

• We do a sudden approximation 

• Use invariant virtuality of parton to transition 

• Above Q0 use MATTER, below use MARTINI or LBT 

• For E < E0 , use AdS/CFT.   

• Interesting results for jet shape  

• 2 < q τ < 3 GeV  
 
S. Cao (JETSCAPE) Phys.Rev. C96 (2017) no.2, 024909
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A realistic matching calculation
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Heavy-Ion collisions are  
not static bricks! 

q falls very quickly, much  
faster than 1/τ. 

This artificially enhances  
the MATTER portion 

There can be hotspots  
where q increases and  
then decreases 

How to decide which is the 
right way: more observables 
Bayesian routines.

^

^
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some more shameless advertisement 

• Multi-Phase transport may solve the heavy-quark puzzle.  

• Heavy quarks do not have a BDMPS/AMY phase 

• Because of mass,  
semi-hard heavy quarks  
have a DGLAP phase  
followed by a  
Gunion-Bertsch phase 

• Also heavy-quarks can radiate  
due to longitudinal diffusion  
e, and e2. 

• Upcoming inclusion in JETSCAPE
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Summary
• Jets are multi-scale objects  

• Resolve the medium at different length scales 

• Behave differently at different length scales  

• Different physical approaches lead to different types of MC 
simulation 

• Some theoretical development still necessary for transition regime 

• Need a sophisticated event-generator framework to study the entire 
set of observables 

• Need extensive statistical routines and a framework to compare 
with experimental data. 


